The dimensions of a workpiece have been measured during the milling process using a 3D laser inspection system. Re-clamping of the work piece has been avoided but a short interruption of the milling process took place. All three dimensions of the part have been measured, height and width using a profile scanning devise based on the laser triangulation method and the length using also the displacement features of the machine tool. Gauge blocks with the reference dimension of 4, 8, 10, 14, 18 and 23 mm have been used for the verification of the measurements. The measured values for the height deviate from the real value between 0 to 19 µm. The deviations of the length lie between 0 and 33 µm. The deviations of the width are higher and they lie between 0 and 150 µm, because of the scanning steps of the devise. The measurement of the width could be improved using a second scanner perpendicular to the first one in order to achieve an overall part inspection with deviations lower than 33 µm.
Introduction
In the context of the innovation campaign "Production 2020" in Germany it is a common goal of research and industry to increase the added value in the field of production up to 30% [1] . Consequently, two challenges open for industry and research. The first one is further integration of measurement technology into the production environment and the improvement of their validity and the second is the use of the generated data in order to improve automation in the process [2] .
The present work contributes directly to the first challenge aiming to integrate an optical sensor system into a milling machine. Furthermore, it facilitates a future contribution to the second challenge in terms of feeding back the measured dimensions to the controller and initiating autonomous readjustments of the process in order to ensure quality.
During the performed tests the sensing system was integrated into the machine tool following the in-process measuring strategy [3] , although machining and measuring run separately from each other. In contrast to the off-line monitoring, the workpiece does not need to be removed of the machine. It is possible to rework the workpiece in a further processing step according to the measurements. A costly readjustment of the workpiece into the machine is not necessary. Furthermore, the time of the feedback can be reduced significantly [4] .
The procedure of measurement could be considered as an in-situ strategy also because of the temporal separation between measurement and production. In addition there is the possibility to realize a spatial separation between the sensor and the tool inside of the milling machine. This allows a better protection for the sensor against contamination and damage.
Description of the used sensor
A 3D laser profile measurement device commercially available [5] has been applied. A sharp line beam is formed on the light-receiving element by focusing a short wavelength 405 nm laser to its diffraction limit with a 2D lens. This generates a stabilized high-precision profile ensuring optimal accuracy and limited image blur. The output intensity of the laser source provides a clear return even on targets with a wide range of reflectivity.
The profile sensor works according to the principle of laser triangulation. A laser beam, which has been expanded into a band shape, is diffusely reflected from the surface of the target. This reflected light is detected by the CMOS sensor after passing through a focusing optic. By detecting changes in the position and shape of the reflected band of light, it is possible to measure the position of various points along the surface of the target with high accuracy. The measurement range and the repeatability of the used sensor are shown in Table 1 . The distance between sensor and the surface of the workpiece can vary from 57 mm to 103 mm but it should be considered, that the width of the laser beam changes with the distance [5], which may cause deviations. The measuring device was fixed at the body of the machine tool with a magnetic holder [ fig.1 ]. The machine tool was in a standby milling modus. An interruption of the milling process was simulated in order to scan the workpiece inside the milling machine with the measuring device. Three series of measurements have been performed for height, width and length correspondently. The profile measuring device operates in two dimensions only, height and width. The length has been measured using the forward movement of the part using one axes of the machine tool. The overall setup of the sensor into the milling machine is shown in the next figure 1.
Six different gauge blocks with the calibrated dimensions of 4 mm, 8 mm 10 mm, 14 mm, 18 mm and 23 mm were used. Figure 2 shows the experimental setup with the gauge block on the machine table in detail. The laser beam is visible on the top of the clamping block. Fig.1 . The laser inspection system is mounted into the 5-axis CNC machining center with a magnetic holder (red frame).
Fig.2. A near view of the experimental setup is
shown here, with the gauge block on the machine table and the measuring sensor (red frames). The laser beam is also visible on the clamping blocks.
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Measurements and results
The values for the height and the width are directly available in the profile data of each single measurement. Many successive profile data are needed in order to measure the length of the part. Knowing the used sample rate of the sensor and the used forward movement of the machine table, the length of the workpiece can be calculated with the following formula: In principle, a very high measurement speed can be achieved. It is possible to transmit 64,000 profiles per second. Because of the fact, that the forward movement of the machine table is needed for the measuring process, the speed of the measurement is limited by this displacement.
Measurements of the height. One profile dataset consists of X-and Z-coordinates. The X-axis is divided into 400 values. So the X-axis is divided every 50 microns from -10000 µm to + 10000 µm. Each X-value is associated with a Z-value, which indicates the measured value of the height. Figure 3 shows the relationship between the X-and Z-values as a height profile of the measured gauge block. The range which represents the measurements object was selected manually. In the case of the example shown in figure 3 (a gauge block of 8 mm) is the range from -5150 µm to +3550 µm. Because of the small phase on each edge of the measured object, the area which was used for further processing was reduced by 150 µm on each side. The arithmetic average of Z over the selected range has been calculated. This value indicates the height of the measured object. The height of each gauge block has been measured at five different positions, which are shown in the same graph ( fig. 4) . The corresponding measurements of the six gauge blocks are composed in figure 4 . A diagram consists of five blue columns; each of them represents one measurement. The vertical axis in each case is scaled in the range of -50 microns to +30 microns, so that the deviations of the calibrated value are visible. The calibrated height of the object is represented by a horizontal red line. The average of Z is given below each column.
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Looking at the results in figure 4 it is noticeable that the five individual measurements of each target do not differ strongly. The largest variation appears at the measurement of the gauge block with 4 mm height, where the deviation is 16 microns. The smallest variation, 4 microns, appears by gauge block 23 mm height. Fig.4 . Measurements of the height of six different gauge blocks using the laser profile device. Each blue column represents one measurement. The vertical axis is in each case scaled in a range of +30 µm to -50 µm around the reference value, horizontal red line.
The deviations to the calibrated height of the gauge block are clearly visible. For the measurements of the gauge block 8 mm height, the maximum deviation is 9 microns. The highest deviation of 19 microns has been measured by gauge block of 18 mm height.
A result of the previously described experiments was that the measured values of the height deviate from the real value between 0 to 19 µm, as can be seen in figure 4 .
The accepted repeatability is 0.5 µm according to the specifications of the device. An explanation of the larger deviations could be the changes of the distance between the measured surface and the detector, because of the size of the block from 4 to 23 mm, which means different optical conditions, mainly focal length. The measurements of the heights 8 and 10 mm seem to be in the optimal range. Although higher deviations than accepted have been measured, the results are satisfied taken into account the rough conditions of the machine tool. A big advantage remains, namely the contact less real time measurement of the work piece height.
Measurements of the width. The deviations of the width measurement are higher. The deviations lie between 0 and 150 µm. The main reason is the limited number of measuring points (400) along the full-width (20 mm) of the laser scanner, which means 50 µm steps along the width (x-direction).
As an example, the results of the measurements of a gauge block of 10 mm are shown in figure  5 . The structure of the diagrams is the same as known from the height measurements, but the range around the calibrated value is scaled from -350µm up to +50µm.
The first four columns represent for different measurements at a width of 9.900 mm and the last one was measured at width of 9.950 mm. The gauge block was repositioned between each individual measurement at the machine table. This could explain the deviation.
In order to achieve the same resolution for the width as for the height, a second sensor could be used for the width too, rotated by 90° to the first one in a plane orthogonal to the height. Subsequently, the data of both sensors could then be merged to a solid body presentation of the part. Measurements of the length. The deviations of the measured lengths are in a similar range as those of the height. They lie between 0 and 33 µm. In this case, they depend on the forward movement of the machine table and on the sample rate of the sensor.
In the case of the length, two gauge blocks have been measured at three feed rates: 400 mm/min, 1000 mm/min and 2000 mm/min. The calculated maximum resolution is 6.67 microns, as shown above. This resolution has been achieved for the feed rate of 400 mm/min at a sampling frequency of 1 kHz. With the same sampling frequency and the feed rate of 1000 mm/min, a resolution of 16.67 microns was achieved. A resolution of 33.33 microns was achieved with 1 kHz and a feed rate of 2000 mm/min.
There are no deviations between measured and accepted values in most of the runs with the feed rate of 2000 mm/min and the sampling frequency of 1 kHz. Only at one run a deviation of 33.33 microns appears which the accepted stepwise deviation is.
As an example, the measurements with the 10 mm gauge block, a feed rate of 400 mm/min and a sampling frequency of 1 kHz are shown in figure 6. The deviations are 27 microns in four series and only the third measurement series has a deviation about 20 microns.
Overall, the length could be measured with maximum deviations of 33 microns using the applied method. The resolution could be improved optimizing the feed rate and sample rate. At the same time the accepted deviations would be reduced.
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Measurement Technology and Intelligent Instruments XI Fig.6 . Measurements of the length of a 10 mm gauge block with a feed rate of 400 mm/min and a sampling frequency of 1 kHz. Each blue column represents one measurement.
Conclusion and future actions
The first studies show that it is possible to use an optical sensor system in the production area inside a milling machine for the measurement of part geometry. The target of this first studies was to get information about the accuracy of the sensor and about the possibility to get data of all three dimensions from a workpiece. In these studies the measured reference piece had only small dimensions. With a relative movement of the workpiece or a relative movement of the sensor itself, it is possible to enlarge the measurement range. Another possibility could be the improvement of the optical system using zoom techniques. Then such laser profilers could be applied for part inspection into the machine tool with resolution of a few microns.
The time for this interruption and the start of measurement should be initiated according to the needs of the manufacturing process though a decision algorithm. The dimension of the workpiece should be measured at critical processing points. Using the information about the actual dimension of the workpiece the deviations could be calculated and corrections could feed back to the controller of the milling machine in order to reduce defects. Depending on the measurement point and the concept of integration the re-adjustment could be made immediately or for the next part. Thereby defects during the manufacturing process can be avoided and the quality of the products can be improved.
There are tactile systems on the market, which are able to measure the dimensions of a workpiece inside a milling machine within the micron range. The reason to try optical system is the fact, that they are very fast in compared to a tactile system.
